Purpose To select reference genes with stable messenger RNA (mRNA) expression for quantitative real-time reverse transcription-polymerase chain reaction (qRT-PCR) analysis of vitrified/thawed human ovarian tissue and to evaluate in human ovarian tissue the levels of key proteins which are commonly used as reference proteins. Methods Pieces of ovarian tissue were obtained during laparoscopy from patients (n = 10, 24-36 years old) who suffered from types of cancer that does not affect reproductive system. Tissue strips from the intact group were immediately placed into liquid nitrogen. Tissue strips from the second group were successively placed into solutions with cryoprotective agents. Then, these strips were rapidly placed into liquid nitrogen. After thawing, ovarian tissue strips were cultured during 2 h in complete growth medium. Gene expression levels were measured using quantitative RT-PCR. Also, protein levels of three key reference genes were measured using Western blot. Statistical analysis of obtained data was performed by BestKeeper, NormFinder, and geNorm software utilities; correlation coefficients were also calculated. Results The most suitable reference genes for qRT-PCR analysis of human cortical ovarian tissue after cryopreservation by vitrification are genes of ribosomal proteins RPL4, RPLP0, RPS18, and heat shock protein HSP90AB1. The protein levels of three commonly used reference genes (ACTB, GAPDH, and HSP90) were measured in two groups of samples of human ovarian tissue: intact and vitrified/thawed. The levels of ACTB, GAPDH, and HSP90 proteins were similar in native and vitrified/thawed samples. Conclusion Selection of suitable reference genes is the first aim of any research dedicated to the investigation of gene expression, because the interpretation of obtained results largely depends on selection of appropriate reference genes. Nowadays, there are many mathematical approaches allowing to select not only single reference gene but also a group of the most stably expressed reference genes. The use of mathematical models which take into account multiple reference genes will allow to obtain more accurate data on the expression of target genes.
Introduction
Common methods of anticancer treatment such as chemotherapy and radiotherapy often cause female reproductive dysfunction [1] . The recent increase in cancer survival rates urge scientists to find new approaches to fertility preservation. Moreover, the latest data show that ovarian tissue cryopreservation could make childbirth after cancer treatment possible [2] . Despite the fact that researches have been developing this technique for several decades, only a few dozens of children were born after application of this treatment approach [2] . Thus, introduction of ovarian tissue cryopreservation technique into clinical practice requires additional investigation. Studies dedicated to this question increasingly exploit qRT-PCR for assessment of cryopreservation-induced processes in ovarian tissues [3] [4] [5] [6] [7] . However, there is no data about suitable reference genes that are stable expressed during cryopreservation procedure of human ovarian tissue which is essential for receiving reliable qRT-PCR results.
Quantitative real-time PCR is a standard method for gene expression analysis. This technique is considered to be the most sensitive, accurate, and reproducible for examination of gene expression levels [8] . In order to obtain reliable results, it is important to carry out the process of normalization with reference genes and to interpret them rationally [9, 10] . Absolute quantification and normalization in relation to the amount of total RNA are not applicable in a number of experimental actions that entail global changes in cellular physiology, such as changes in transcriptional activity. So-called Bhousekeeping genes^are commonly used for qRT-PCR data normalization. Despite a large number of papers devoted to selection of reference genes, there are certain evidences demonstrating that the expression of genes ordinarily used as reliable internal controls is often depending on the specific experimental conditions and samples [11, 12] . Therefore, the crucially important step of the experimental design is to select appropriate genes that display a stable expression pattern.
Nowadays, there is only one study performed on cryopreserved ovarian tissue and dedicated to reference genes selection for gene expression analysis [13] . However, the work of Yuanyuan et al. [13] was performed on murine ovarian tissue, so it is unclear how these results correspond to gene expression levels in human ovarian tissue and whether it is possible to use the selected reference genes for qRT-PCR data normalization in case of human ovarian tissue analysis, particularly in clinical practice. Thus, it is essential to select suitable genes for qRT-PCR data normalization specifically for human ovarian tissue with respect to cryopreservation procedure.
In the current study, evaluation of reference genes stability was performed in human ovarian tissue before and after cryopreservation by vitrification. Sixteen reference genes belonging to different functional classes were selected to minimize the chance of their co-regulation: ABL proto-oncogene 1, non-receptor tyrosine kinase (ABL1), actin beta (ACTB), beta-2-microglobulin (B2M), cyclin dependent kinase inhibitor 1A (CDKN1A), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), hydroxymethylbilane synthase (HMBS), hypoxanthine phosphoribosyltransferase 1 (HPRT1), heat shock protein 90 alpha family class B member 1 (HSP90AB1), insulin like growth factor 1 receptor (IGF1R), peptidylprolyl isomerase A (PPIA), ribosomal protein L30 (RPL30), ribosomal protein L4 (RPL4), ribosomal protein lateral stalk subunit P0 (RPLP0), ribosomal protein S18 (RPS18), TATA-box binding protein (TBP), and topoisomerase (DNA) II beta (TOP2B).
Several statistical approaches have recently been developed to identify genes having the most stable expression, regardless of the method of sampling and the quality of the starting material. To assess the stability of reference gene expression, the most widespread algorithms were applied: geNorm [14] , BestKeeper [15] , and NormFinder [16] .
The geNorm is a software tool which can be used to identify the reference genes with the most stable expression [14] . In this software, a complex approach is employed for the analysis of gene expression stability. As a result, M value of each gene is calculated. M value is a parameter which defines expression stability. The gene with the lowest M value may be accepted as a gene with the most stable expression.
BestKeeper is a software utility applied to identify the most stable reference genes. Mathematical approach for analysis of gene expression stability is based on the comparison of the correlation coefficients for all possible pairs of candidate reference genes. The BestKeeper software utilizes a two-step analysis. Firstly, standard deviation (SD) of the Ct values is calculated for all genes involved into investigation. Genes which have SD > 1 are considered inconsistent and are rejected from the further analysis. At the second step, the BestKeeper software calculates a specific index, which is computed as the geometric mean of the Ct values of highly correlated candidate reference genes. After that, the correlation coefficient between the BestKeeper index and the expression level of each gene is calculated. The reference genes which are most closely correlated with the BestKeeper index can be assumed as the most stable genes [15] .
The NormFinder is another software utility which allows to select the most suitable reference genes. NormFinder calculates intragroup and intergroup variations in gene expression stability. After these calculations, reference genes are ranked according to their expression stability [16] .
In the current work, all of the abovementioned software tools (geNorm, BestKeeper, and NormFinder) were used to find the most suitable reference genes in native and vitrified/ thawed human ovarian cortical tissue. Moreover, protein levels of three commonly used reference genes (ACTB, GAPDH, and HSP90) were measured to determine whether there is a correlation between mRNA and corresponding protein levels in vitrified/thawed human ovarian tissue. 
Materials and methods

Source of ovarian tissue
Ovarian tissue samples
Ovarian tissue samples (n = 10) were received from the Medical Radiological Research Center, Ministry of Health of the Russian Federation (MRRC). Average age of patients was 31 years (range 24-36 years). Ovarian cortical strips (approximately 5 mm × 5 mm × 10 mm) were obtained from ovaries during laparoscopy. Preparing for the surgery procedure and assessment of the patient's health status were made in accordance with the protocol described previously [17, 18] . The obtained strips of ovarian cortical tissue were placed to the medium based on DMEM with addition of HEPES (25 mM, Sigma) and 20% fetal bovine serum. After that, ovarian cortical tissue strips from each patient were divided into two groups (intact group and group for vitrification). Tissue strips from the intact group were immediately placed into liquid nitrogen and stored there directly until the RNA extraction. Tissue strips from the second group were cryopreserved by vitrification. The strips were subjected to the vitrification and thawing accordingly to the protocol used in clinical practice [19] . Briefly, the strips were placed into solutions with cryoprotective agents: firstly, these strips were placed into the solution based on DMEM (PanEco, Russia) with addition of 15% DMSO (dimethyl sulfoxide, Sigma) and 15% ethylene glycol (Sigma) for 15 min, and then strips were moved into the solution based on DMEM which contained 30% DMSO and 30% ethylene glycol for 15 min. Then these strips were rapidly placed into liquid nitrogen. Cryovials (2 ml, Corning) were used for storage of all ovarian tissue samples in liquid nitrogen. After thawing, ovarian tissue strips were cultured during 2 h in complete growth medium containing DMEM/ F12 (1:1, PanEco, Russia); 2 mM/l L-glutamine (PanEco, Russia); 50 μg/ml gentamicin (PanEco, Russia); 5 μg/ml insulin, 5 μg/ml transferrin, and 5 ng/ml selenite (1:100, PanEco, Russia); 20 ng/ml bFGF (ProSpec, Israel); and 10% fetal bovine serum (HyClone, USA).
RNA isolation and cDNA synthesis
RNA was extracted from all samples using the RNeasy Mini Kit (Qiagen, USA) following the manufacturer's instructions. The concentration of total RNA was measured by NanoDrop1000 Spectrophotometer (Thermo Scientific, USA) with A260/280 quality control. M-MLV RT kit (Evrogen, Russia) was used to synthesize complementary DNA (cDNA) from 1.5 μg of total RNA with random oligonucleotide primers (dN)10 and 40 U/μl RiboLock RNase Inhibitor (Thermo Scientific, USA). cDNA concentration was evaluated using NanoDrop1000 Spectrophotometer (Thermo Scientific). All cDNA samples were diluted to 0.5 μg/μl with nuclease-free water and stored at − 80°C until qRT-PCR analysis.
Primer design for selected candidate reference genes Primers (Table 1) were designed by Lasergene PrimerSelect (DNASTAR) software using sequences from the NCBI GenBank database.
Real-time quantitative PCR and construction of external standards for absolute quantification Quantitative RT-PCR was performed on a StepOnePlus realtime PCR system (Applied BioSystems, USA) using SYBR® green I with ROX as an internal loading standard. The qPCRmix-HS SYBR+ROX kit (Evrogen, Russia) was utilized for all reference gene qRT-PCR assays according to the manufacturer's protocol. Each reaction contained the following: 5× qPCRmix-HS SYBR+ROX master mix (Evrogen, Russia), forward and reverse primers 0.5 μM each (Evrogen, Russia), and 500 ng template cDNA; this mixture was brought to a final volume of 20 μl with nuclease-free water. PCR cycles were run as follows: 2 min at 50°C, then denaturation for 10 min at 95°C followed by 40 cycles of 15 s at 95°C, 1 min at 60°C. Fluorescence was measured following each annealing and extension phase. Melt curve was produced to confirm a single gene-specific peak and to detect primer/dimer formation by heating the samples from 70 to 95°C in 0.5°C increments with a dwell time of 10 s at each temperature while continuously monitoring the fluorescence. The reactions were set up in a 96-well PCR plate (Applied BioSystems, USA) in three technical replicates.
Controls included non-RT controls (total RNA without reverse transcription was used to monitor genomic DNA contamination) and non-template controls (water template).
Absolute quantification of housekeeping gene expression
For absolute quantification, recombinant plasmid DNA was used as external standard. Recombinant plasmids were generated by PCR product insertion into pAL2-T vector using ATcloning method with Quick-TA kit (Evrogen, Russia). Each PCR run was carried out with co-amplification of plasmid standards diluted to the following concentrations: 1000, 200, 40, 8, 1.6, 1, 0.2, 0.04, 0.008, and 0.0016 pg/μl. This allowed determining copy number of PCR products in relation to the amount of total RNA that has undergone reverse transcription and generating external calibration curves for a subset of the genes.
Data analysis
Statistical significance of DNA amount differences between samples was calculated by the Wilcoxon signed rank test using the GraphPad Prism 5 software (GraphPad Software, Inc., USA). To test the hypothesis of normal distribution, Shapiro-Wilk normality test was used. The Shapiro-Wilk normality test was performed using Statistica 7.0 software (Dell, Inc., USA). For the analysis of differences between intact and vitrified/thawed groups of ovarian tissue samples, Wilcoxon matched pairs signed rank test was applied because no normal distribution was observed for the expression of each gene. Also, the Wilcoxon signed rank test was used to analyze the protein expression differences. Differences were considered statistically significant if p < 0.05. To find interrelations in the expression levels of studied genes, Spearman's rank correlation coefficient was calculated. The expression stability of 16 selected internal control genes was evaluated by three commonly used freeware software tools: geNorm v.3.5 [14] , Bestkeeper [15] , and NormFinder [16] .
Western blot
Tissue samples were homogenized in RIPA buffer, and protein concentration was measured by the BCA Pierce™ BCA Protein Assay Kit (Thermo Scientific). Samples were denatured at 95°C for 5 min in Laemmli sample buffer consisting of 2% SDS, 10% glycerol, 5% mercaptoethanol, 62.5 mM Tris (pH 6.8), and 0.004% bromophenol blue. Proteins were separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and then electrophoretically transferred onto Immun-Blot® PVDF Membrane (Bio-Rad). Loading normalization was accomplished by Ponceau-S staining of each Western blot lane on the membrane [20] . The Ponceau-S was then removed by washing with PBS buffer.
The membranes were blocked with 5% nonfat dry milk for 1 h and incubated overnight at 4°C with primary monoclonal antibodies: mouse anti-ACTB (Sigma-Aldrich A5441; 1:5000), rabbit anti-GAPDH (Cell Signaling Technology #2118; 1:5000), and rat anti-HSP90 (Enzo ADI-SPA-835; 1:2000). After washing five times in PBST, the membranes were incubated for 1 h at room temperature with horseradish peroxidase-conjugated secondary polyclonal goat antibodies. Membranes which were previously incubated with primary monoclonal antibodies mouse anti-ACTB were placed into the solution with secondary polyclonal goat antibodies antimouse IgG (Jackson ImmunoResearch Laboratories 115-035-003; 1:50000). Membranes which were previously incubated with primary monoclonal antibodies rabbit anti-GAPDH were placed into the solution with secondary polyclonal goat antibodies anti-rabbit IgG (Jackson ImmunoResearch Laboratories 111-035-144; 1:50000). Membranes which were previously incubated with primary monoclonal antibodies rat anti-HSP90 were placed into the solution with secondary polyclonal goat antibodies anti-rat IgG (Santa Cruz Biotechnology sc-2032; 1:10000) After washing five times in PBST, conjugated antibodies were visualized using enhanced chemiluminescence in 0.1 М Tris-HCl, pH 8.5, 12.5 mМ luminol, 2 mМ coumaric acid, and 0.09% Н 2 О 2 . The intensity of protein bands was measured using ChemiDoc™ Imaging System (Bio-Rad) and Image Lab Software (Bio-Rad). Expression levels were normalized to total protein measured by Ponceau-S staining. The mean value of protein expression in an intact group was taken equal to 1.0. Results
Absolute quantification of housekeeping gene expression
The primary analysis was performed using the method of constructing a standard curve and absolute quantification in relation to the amount of total RNA. The parameters of the standard curves constructed, as well as the PCR efficiency values, are given in Table 2 . GAPDH showed the highest expression level (709,221 copies/μg total RNA). ABL1 showed the lowest expression level (2029 copies/μg total RNA). Coefficient of variation was the lowest for GAPDH (18.32%), TBP (29.62%), and HPRT (32.66%) and the highest for CDKN1A (121.95%), ABL1 (107.66%), and TOP2B (99.5%).
Reference gene stability in native and vitrified/thawed human ovarian tissue
According to the absolute quantification, nine of analyzed housekeeping genes were significantly downregulated in vitrified/thawed samples in comparison to the native samples-ABL1, ACTB, B2M, HSP90AB1, RPL4, RPL30, RPLP0, RPS18, and TOP2B (p < 0.05). Among the other genes, GAPDH, TBP, and HPRT had the least significant differences in gene expression levels between the two groups of tissue samples (p > 0.5). The results obtained are presented in Table 2 and in Fig. 1 .
We analyzed data obtained for each of the reference genes with GeNorm, BestKeeper, and NormFinder software utilities. Moreover, coefficient of variation was calculated for the expression levels of each gene selected for the analysis. The main parameters which indicate gene expression stability analyzed by the abovementioned software utilities are represented in Fig. 2 .
The GeNorm utility ranked TBP and HPRT as the most stable genes (M value = 0.290), followed by GAPDH (M value = 0.358) and PPIA (M value = 0.387). The other genes were ranked from most to least stable as follows:
The BestKeeper software provides two parameters that can be used for assessing the stability of the reference genes. The first one is the standard deviation of the raw Ct values. According to the obtained data, GAPDH has the most stable expression (SD = 0.27). CDKN1A, RPL30, TOP2B, ABL1, B2M, and ACTB were unstable (SD ≥ 1). The final ranking of the BestKeeper software is performed by assessing the correlation coefficient of the expression levels of each individual gene with the geometric mean of the expression levels for all genes. RPL4, RPS18, RPLP0, and HSP90AB1 were ranked as the most stable genes with the highest correlation with BestKeeper index. The other genes were ranked from most to least stable as follows: The NormFinder utility ranked RPLP0 as the most stable gene (0.131), followed by RPS18 (0.171), HSP90AB1 (0.18), ACTB (0.204), and RPL4 (0.216). The other genes were ranked from most to least stable as follows:
Correlative analysis was performed to evaluate the relationship between the expression levels of studied genes; it is represented in Fig. 3 . It has been shown that reference genes studied in the current work can be divided into two groups based on correlation of their expression levels: the first group includes GAPDH, HPRT, PPIA, TBP, and HMBS; the second group includes all the other studied genes.
Evaluation of reference gene expression at the protein level
In the current study, expression levels of three reference genes (ACTB, GAPDH, and HSP90) were also measured at the protein level using Western blot analysis. Example images of Western blot for each studied gene are presented in Fig. 4 . The levels of ACTB, GAPDH, and HSP90 proteins were similar in native and vitrified/thawed samples; there were no statistically significant difference in protein synthesis in two groups of samples. The boxes and whisker plots illustrating the protein synthesis in different groups of samples are given in Fig. 5 .
Discussion
An appropriate normalization of qRT-PCR data is essential for correct transcript quantification. The validity of the normalization process largely depends on the normalizer (housekeeping gene) itself. It is of great importance to select an appropriate control gene according to its property to maintain constant expression levels between samples in various experimental conditions.
In the current work, three most commonly used software tools were applied to analyze stability of gene expression: geNorm [14] , BestKeeper [15] , and NormFinder [16] . Unexpectedly, these utilities proposed different reference genes as most suitable in the case of human vitrified/thawed cortical ovarian tissue.
Interestingly, list of genes obtained after ranking coefficients of variation of expression levels of studied genes seems to be very close to the gene list derived from analysis of gene expression levels performed by geNorm software utility. This similarity may indicate that mathematical approach used in geNorm software shows insufficient consideration of sample variability. Furthermore, previously, it has been shown that the geNorm output is more affected by fluctuations in PCR efficiencies compared to the NormFinder analysis [21] . Another disadvantage of geNorm software utility is the impossibility of performing target gene analysis [14] .
Although TBP, GAPDH, and HPRT (the most commonly used reference genes) normalized to the total RNA show low variability, the results of analysis performed by BestKeeper and Normfinder software utilities indicate that these genes are not the most stable reference genes. According to the analysis performed by BestKeeper and Normfinder software, the most stable expression in native and vitrified/thawed human cortical ovarian tissue is observed among RPL4, RPLP0, RPS18, and HSP90AB1genes. However, it was detected that RPL4, RPLP0, RPS18, HSP90AB1, and many other studied genes have reduced expression levels after normalization to the total RNA. It is known that the greatest amount of RNA in cell is represented by rRNA [11, 22] which is more stable in comparison to mRNA. We have not detected differences in the amount and the integrity of the total RNA in intact and vitrified/thawed groups of human ovarian tissue samples (data not shown). However, it has been previously shown that there is a statistically significant difference in transcript abundance in cells before and after vitrification [23] [24] [25] . Therefore, distortion of results can occur in the following cases: normalization to the total RNA or normalization to the mRNA of nonrepresentative reference gene.
Another analysis performed in the current work was evaluation of reference gene expression at the protein level by Western blotting. In this study, three reference genes were used: ACTB, GAPDH, and HSP90AB1. According to the results of qRT-PCR, ACTB and HSP90AB1 are the members of a group of genes which expression is stable in both types of samples of human ovarian tissue: native and vitrified/thawed. GAPDH belongs to the group of genes which expression show low variability when normalization to the total RNA is used. Western blot analysis has shown that levels of protein expression for all of these genes (ACTB, GAPDH, and HSP90) are similar in both intact and vitrified/thawed human ovarian tissue. Therefore, although significant changes in the mRNA expression take place, the levels of proteins in the cells of intact and vitrified/thawed human ovarian tissue remain constant. This is due to the fact that proteins are more resistant to the vitrification/thawing procedures than mRNA. Taking into consideration the abovementioned results, it can be assumed that evaluation of mRNA expression levels is the most appropriate method to assess the quality of vitrification/thawing procedures and to select suitable reference genes. The development of a system allowing to assort appropriate reference genes is a primary purpose in this field of research. Application of unsuitable reference genes can lead to distortion of research results. Nowadays, many approaches enabling to select the most correct reference genes are developed. GeNorm [14] , BestKeeper [15] , and NormFinder [16] are the commonly used software utilities which allow to solve this task. In the current work, it has been shown that the BestKeeper and the Normfinder software seem to be the most efficient for determining highly stable reference genes. It has been shown that the most stable reference genes in the case of vitrified/thawed human ovarian cortical tissue are RPL4, RPLP0, RPS18, and HSP90AB1.
It is important to notice that list of the most stable reference genes obtained in the current work for human ovarian cortical tissue differs from that list derived from the similar experiments carried out on the murine cryopreserved and thawed ovarian tissue [13] . Therefore, specific selection of the most suitable reference genes for the further analysis should be performed for each species and kind of tissue. Moreover, researches should take into account that application of only one reference gene for analysis can lead to distortion of research results because the fluctuations in gene expression levels always take place. The best way to avoid such issues is to calculate especial index based on several reference genes and then analyze changes in expression of target genes. This approach allows to minimize the influence of the fluctuations in expression levels of each individual gene. Nowadays, BestKeeper [14] and NormFinder [15] software utilities allow to perform the type of analysis discussed above. Application of novel methods providing selection of the appropriate reference genes remains a major challenge for many research groups. Therefore, new publications dedicated to this subject can be expected in the near future. Fig. 5 Statistical analysis of protein expression levels of three reference genes: ACTB, GAPDH, and HSP90 in native and vitrified/ thawed human ovarian tissue. Data obtained from four independent samples are shown as median (horizontal lines inside the boxes), interquartile range (boxes), and 5th to 95th percentile (horizontal lines outside the boxes). There is no statistically significant difference between groups (p > 0.05)
